The percentage of bacterial carbon that was derived from exogenous labelled compounds present in the medium during the growth of some methylotrophs on trimethylamine or on non-C, compounds was determined. Less than 10 % of bacterial carbon was derived from acetate during the growth of the obligate methylotrophs 4~6 and C~A I , and of the restricted facultative methylotroph PM6 ; the other restricted facultative methylotroph W~A I gave a value of 18 %. Corresponding values for three typical facultative methylotrophs growing on trimethylamine were 41, 42 and 52 %. Aspartate, fructose, pyruvate and succinate made only a small percentage contribution (0.4 to 12 %) to bacterial carbon in 4~6 , C~A I , W~A I and P M~. Washed suspensions of 4~6 , CZAI, W~A I
Autoradiograms were prepared using Kodirex KD54T X-ray film and developed using Kodak D I~ developer and Kodirex fixative (Kodak Ltd, Liverpool) .
Growth medium. Organisms were grown in a basal medium consisting of the mineral base E of Owens & Keddie (1969) supplemented where necessary with filter-sterilized solutions of vitamins. Thus, medium for the growth of bacterium 4~6 contained vitamin B,, (2.5 pg/l) and media for the growth of bacterium 5s1 contained thiamin hydrochloride (2 mg/l). Growth substrates, namely trimethylamine hydrochloride, L-alanine, D-glucose, sodium succinate or sodium L-glutamate, were added as filter-sterilized solutions to a final concentration of 20 mM. Stock cultures were maintained on slopes of trimethylamine basal medium solidified with I -2 % Oxoid agar No. 2.
Measurement of growth. Growth was measured spectrophotometrically at 600 nm on 3 ml samples removed from cultures. Turbidity readings were converted to pg dry wt of organisms/ml with a separate calibration curve for each organism. These curves were prepared by drying washed suspensions of exponential-phase organisms of known Esoo to constant weight.
Incorporation of sodium [ I-14C]dCetdte into growing cultures. All cultures were incubated at 30 "C in shaken 250 ml flasks containing IOO ml medium. Cultures of P M~, 5s1 and 2~2 growing on non-C, growth substrates were obtained by streaking trimethylamine-grown cultures on to solidified medium containing the appropriate growth substrate. After incubating at 30 "C, isolated colonies were transferred to liquid medium to prepare inocula for the incorporation experiments.
Cultures of the methylotrophs growing on trimethylamine hydrochloride or on non-C, growth substrates were first adapted to growth in the presence of unlabelled sodium acetate by incubating overnight in medium containing 20 mM growth substrate and 2 mM-sodium acetate, A 10 ml inoculum of this exponential-phase culture was then transferred aseptically to each of three flasks containing go ml of basal medium supplemented with growth substrate (2 mmol) and 0.1, 0.2 or 0.5 mmol of filter-sterilized sodium acetate (20 pCi sodium [ r-14C]acetate). The flasks were incubated and growth followed by taking Esoo measurements at hourly intervals. At zero time and at hourly intervals, samples (10 ml) of culture were removed and centrifuged, and the pellet was washed twice with 50 mM-sodium phosphate buffer pH 7.5. The washed pellet was then resuspended in I ml of the same buffer and duplicate 0.2 ml samples plated out on aluminium planchets. Samples were taken over a 6 h period, which usually corresponded to at least two generation times. Planchets were counted with an MXI 23-type Geiger-Muller tube connected to a P7502A-type scaler (Panax Equipment Ltd, Redhill, Surrey). All counts were corrected for the background count and the counting efficiency was approximately 7 %.
Incorporation of 14C-labelled succinate, aspartate, fructose or pyruvdte into growing cultures. These experiments were performed essentially as described above for the incorporation of labelled acetate, except that one amount of labelled compound (0.5 mmol, of specific activity 4 pcilmmol) was used throughout. Cultures were again pre-adapted by incubating them overnight in basal medium supplemented with trimethylamine hydrochloride (20 mM) and sodium succinate, sodium pyruvate, sodium aspartate or fructose (2 mM). As before, samples (10 ml) were taken at hourly intervals, centrifuged, and the pellets washed twice with 50 mM-sodium phosphate buffer pH 7.5. Each washed pellet was then resuspended in I ml of glass-distilled water and the suspension transferred to a polythene scintillation vial containing 4 ml of Unisolve I. The centrifuge tube was rinsed with a further I ml of water and the washings also transferred to the vial. The vials were shaken vigorously and then left for 24 h before counting; under these conditions Unisolve I forms Incorporation of sodium [I -14C]acetate by washed suspensions. Organisms were grown in 2 1 flasks containing I 1 basal medium supplemented with trimethylamine hydrochloride (20 mM) and sodium acetate (5 mM). The cultures were harvested in mid-exponential phase by centrifuging at 2 "C, washed twice with 50 mM-sodium phosphate buffer pH 7.5 and then resuspended in the same buffer to a concentration of 3 mg dry wt/ml. To determine the effect of the amount of trimethylamine hydrochloride on the extent of acetate incorporation, Warburg flasks contained (in 3 ml): washed suspension, 3 mg dry wt; sodium phosphate buffer pH 7.5, 150 pmol; sodium [r-14C]acetate (0.833 pcilpmol), 6 pmol; trimethylamine hydrochloride, o to 30 pmol. The trimethylamine hydrochloride and the sodium acetate solutions were placed in the side arm. The centre well contained 0.1 ml of 40 % (wlv) KOH. After tipping, oxygen uptake was followed at 30 "C under air. When no further uptake occurred in any flask, the contents of all the flasks were transferred to tubes and centrifuged at 3000 g for 15 min. The pellets were washed twice with 50 mM-sodium phosphate buffer pH 7.5 and then resuspended in I ml of the same buffer. Duplicate samples (0.2 ml) of the washed suspensions were plated out on aluminium planchets and counted with a Geiger-Muller tube as described above.
Fractionation of organisms labelled with sodium [ I-14C]dcetdte. Flasks containing 90 ml basal medium supplemented with 2 mmol trimethylamine hydrochloride and 0.5 mmol sodium acetate (20 pCi [14C]acetate) were inoculated with 10 ml of an exponential-phase culture which had been pre-adapted to growth in the presence of sodium acetate as described above. The flasks were incubated shaken at 30 "C and growth allowed to proceed for two generation times. The cultures were then harvested at 2 "C by centrifuging and the pellets washed twice with 50 mM-sodium phosphate buffer pH 7-5. The washed pellets were fractionated according to the procedure of Roberts et dl. (1955) and duplicate samples (0.2 ml) of each fraction were plated out on aluminium planchets and counted with a Geiger-Muller tube. The protein residue fraction was hydrolysed for 17 h under vacuum at I 10 "C with 5 ml of constant boiling hydrochloric acid. The hydrolysate was dried under vacuum at 37 "C and then resuspended in 5 ml of glass-distilled water before sampling for Geiger-Muller counting. The remainder of the protein hydrolysate was again dried under vacuum and finally resuspended in I ml glass-distilled water for chromatography.
Resolution of labelled amino acids. Labelled amino acids in the hydrolysed protein were resolved by two-dimensional chromatography on 20 x 20 cm aluminium sheets precoated with a 0.25 mm layer of silica gel. Samples (I to 2 1. 1) containing about 5000 d.p.m. were applied to the chromatograms and the latter developed with chloroform-methanol-50 % To flasks containing go ml of basal medium were added 2 mmol of filtersterilized trimethylamine hydrochloride, 0.5 mmol of filter-sterilized sodium acetate (20 pCi sodium [ 1-14C]acetate) and 10 ml of exponential-phase organisms. The flasks were incubated at 30 "C and growth followed by taking Esoo measurements. Samples (10 ml) were removed at hourly intervals and the bacteria harvested, washed and plated out for counting with a Geiger-Muller tube. 0 , 3~2 ; m, 2~2 ;
0, 5~1 ;
A, W~A I ; 0, P M~; A, C~A I ; +, 4~6 . 
RESULTS AND DISCUSSION

Incorporation of sodium acetate into methylotrophs growing on non-C, compounds
The proportion of new bacterial carbon arising from exogenous sodium acetate was calculated from differential rates of incorporation of sodium [ I -l*C]acetate as described above. The restricted facultative methylotroph P M~ derived only 3 to 8 % of its new carbon from acetate during growth in media containing 5 mM-sodium acetate and alanine, citrate or glucose. Equivalent values for the typical facultative methylotrophs were 44 for ~B I growing on glutamate, 27 % for 3~2 growing on succinate, and 24 % and 13 %' for 2~2 growing on alanine and glucose respectively.
Incorporation of W-labelled sodium succinate, sodium pyruvate, fructose and sodium dspartate into methylotrophs growing on trimethylamine hydrochloride
Data for the percentage contribution of succinate, pyruvate, aspartate and fructose to new bacterial carbon during the growth of the methylotrophs in media containing trimethylamine hydrochloride (20 mM) and the appropriate labelled compound (5 mM), calculated from differential rates of incorporation as described above, are given in Table I. Similar data are also given in Table I for P M~ growing on alanine (20 m). The obligate methylotrophs 4~6 and CZAI, and the restricted facultative methylotrophs P M~ and W~A I , assimilated these labelled compounds to a very limited extent (0.4 to 12 % of new bacterial carbon), pyruvate being the most extensively incorporated into all the organisms. In contrast, a large proportion (38 to 103 %) of the new bacterial carbon synthesized during the growth of the typical facultative methylotroph 2~2 under the same experimental conditions was derived from the exogenous labelled compounds. Similar results to those obtained with 2~2 were obtained with the typical facultative methylotroph SB I growing on trimethylamine hydrochloride in the presence of labelled succinate, pyruvate or fructose. However, only 12 % of new bacterial carbon was derived from labelled aspartate during the growth of ~B I under similar conditions.
Extent of sodium [~-~~C ] a c e t a t e incorporation by washed suspensions of 4~6 ,
C2A1, W~A I and P M~ Washed suspensions of the methylotrophs were incubated in Warburg manometers with a fixed amount of sodium [1-14C]acetate and varying amounts of trimethylamine hydrochloride (0 to 30,umol). No oxygen was taken up in the absence of added trimethylamine hydrochloride and the amount of oxygen uptake was proportional to the amount of trimethylamine present. The amount of acetate incorporated into the organisms is plotted in Fig. 2 as a function of oxygen uptake. In each case, a linear relationship was obtained with 10 to 24 nmol of sodium acetate being assimilated/,umol O2 taken up. A linear relationship between the amount of sodium acetate assimilated and the amount of C, substrate, in this case methanol, oxidized was also observed by Dahl, Mehta & Hoare (1972) with another obligate methylotroph, organism WI. Similarly, Hoare et al. (1970) showed that incorporation of labelled acetate into some methane-oxidizing bacteria was dependent on the oxidation of methane or methanol.
A major part of the acetate assimilated by 4~6 , C~A I , W~A I and W I enters the lipid fractions of the organisms (Table 2; Dahl et al. 1972) . Assuming that malonyl-CoA for fatty acid biosynthesis is derived from the carboxylation of acetyl-CoA, the incorporation of acetate into lipid is presumably independent of intermediates derived from the C, substrate. Under these circumstances, the dependence of acetate incorporation on the presence of the C1 substrate is presumably due to the inability of the organisms to obtain energy from Use of exogenous compounds by methyIotrophs I75 the oxidation of acetate, i.e. it is a reflection of their deficient tricarboxylic acid cycles (Colby & Zatman, 1972 , 1975 Dahl et al. 1972 ). However, phi6 incorporates very little acetate into lipid, the major part being assimilated into the glutamate family of amino acids and into leucine ( Table 3) . Biosynthesis of these compounds is dependent on intermediates, namely oxaloacetate and pyruvate, which in the absence of isocitrate lyase (Colby & Zatman, 1975) or of an alternative mechanism for the synthesis of glyoxylate from acetate (Dunstan, Anthony & Drabble, 1972a, b) must be derived from the C1 substrate. In this case, the dependence of acetate incorporation on the presence of the C1 substrate cannot necessarily be correlated with the organism's inability to oxidize acetate or with the presence of a deficient tricarboxylic acid cycle.
Fractionation of methylotrophs labelled with sodium [~J~CIacetate during growth on t r ime t h y lamine hydrochloride
The obligate methylotrophs 4~6 and C2A1, and the restricted facultative methylotroph W~A I , incorporate sodium acetate largely into the lipid fractions (42-6 to 63.1 %) and into the protein residue fraction (29.9 to 45-8 %) with only I -2 to 4-1 % of the assimilated acetate being incorporated into the nucleic acid fraction ( Table 2) . In contrast, the three typical facultative methylotrophs ~B I , 3~2 and 2~2 incorporate a greater amount of sodium acetate into the nucleic acid fraction (14.1 to 15-9 %), much less into the lipid fractions (15.8 to 22-7 %) and rather more into the protein residue fraction (53.7 to 59-9 %). These results are broadly in agreement with those of Dahl et al. (1972) obtained with the obligate methylotroph W I and with a typical facultative methylotroph, both of which were labelled with sodium [ ~J*C]acetate during growth on methanol. Similar results to those obtained with 4~6 , ~2~1 , W~A I and W I were also obtained by Eccleston & Kelly (1973) with the methane-oxidizing bacterium Methylococcus CdpV.4htUS, another obligate methylotroph.
The results obtained with the restricted facultative methylotroph Bacillus P M~ differ markedly from those described above ( Table 2) . This organism incorporates very little carbon from labelled acetate into the lipid fraction (6 to 13 %), presumably because Bacillus species have very little lipid material in their wall (Salton, I964) , and the values for the other fractions are correspondingly higher. Nevertheless, the results do resemble those obtained I2 with the obligate methylotrophs and with W~A I in that the percentage of acetate carbon incorporated into the nucleic acid fraction (I I -3 %) is no greater than that incorporated into the cold trichloroacetic acid pool fraction (12.8 %).
The obligate methylotrophs 4~6 and CZAI, and the restricted facultative methylotroph W~A I , incorporated carbon from labelled acetate into the glutamate family of amino acids and into leucine but not into the other protein amino acids ( Table 3) . These results are in accord with the absence of 2-oxoglutarate dehydrogenase from extracts of these organisms (Colby & Zatman, 1972 , 1975 . Similar results were obtained with the restricted facultative methylotroph P M~, although some labelling of the aspartate family of amino acids did occur; this is consistent with the low 2-oxoglutarate dehydrogenase activities in extracts of this organism (Colby & Zatman, 1975) . The typical facultative methylotrophs ~B I and 2~2 incorporated radioactivity from labelled acetate into all the protein amino acids.
The restricted incorporation of acetate carbon into glutamate, arginine, proline and leucine has also been observed in the obligate methylotrophs WI (Dahl et ul. 1972) and Methylococcus capsulatus (Eccleston & Kelly, 1973) , and this has been correlated with the absence of 2-oxoglutarate dehydrogenase from extracts of these organisms (Dahl et al. 1972; Patel, Hoare & Taylor, 1969) . Another obligate methylotroph, Methanomonus methanooxiduns, incorporates acetate carbon into all the protein amino acids (Wadzinski & Ribbons, 1972) , although this cannot necessarily be taken to indicate the presence of a complete tricarboxylic acid cycle in this type I1 methylobacterium. Methylotrophs using the serine pathway of formaldehyde fixation, such as the type I1 methylobacteria (Lawrence & Quayle, 1970) and the typical facultative methylotroph bacterium ~B I (Colby & Zatman, 1972) , presumably incorporate acetate into 2-oxoglutarate, oxaloacetate and phosphoenolpyruvate, and hence into all the amino acid families, independently of a complete tricarboxylic acid cycle. Nevertheless, there is also enzymological evidence indicating the presence of a complete tricarboxylic acid cycle in the type I1 methylobacteria (Davey, Whittenbury & Wilkinson, 1972) and in bacterium 5s1 (Colby & Zatman, 1972) . For Use of exogenous compounds by methylotrophs I77 organisms such as 2~2 which use the hexulose phosphate pathway of formaldehyde assimilation (Cox & Zatman, 1974 ) the appearance of carbon from acetate in all the protein amino acids can be taken to indicate a complete tricarboxylic acid cycle. Thus the labelling experiments reported here support the earlier enzymological evidence (Colby & Zatman, 1972 , 1975 which suggested that a deficient tricarboxylic acid cycle occurs in the obligate methylotrophs 4~6 and CZAI and in the restricted facultative methylotrophs W~A I and P M~. The labelling experiments also indicate the presence of a complete tricarboxylic acid cycle in the facultative methylotroph 2~2 , although the activities of the enzymes in extracts of this organism have not been measured.
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